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Introduction
There is a misprint in equation ( 
Low-temperature atmospheric pressure plasmas (APPs) are sources of a range of biologically relevant reactive species (RS), making them suitable for biomedical applications [1] [2] [3] [4] , such as cancer treatment [5] [6] [7] [8] [9] , wound healing [10, 11] , or sterilisation [12, 13] . However, for the full potential of lowtemperature plasmas to be realised in these applications, methods to predictably control the production and transport of RS are required. Numerical simulations are an important tool to understand RS production in APPs. In particular, global models [14] [15] [16] [17] [18] [19] [20] [21] [22] are often used to gain insight into the plasmachemical kinetics of APPs, as they can incorporate large reaction mechanisms taking into account tens of species and hundreds of reactions at low computational cost.
The results of such simulations, particularly species densities, are strongly dependent on the accuracy of fundamental chemical kinetics data. In this context, two types of reaction can be distinguished: those occurring in the gasphase and those involving interactions with surfaces. For gasphase chemical reactions, it has recently been shown [21] , for a He-O 2 plasma, that varying the associated gas-phase rate coefficients within their stated uncertainties can lead to large variations in simulated species densities of importance for biomedical applications, such as O 3 .
Surface interactions are known to be important production and loss channels of RS and energy in low-temperature plasmas produced at low pressure [23] [24] [25] [26] . However, the role of surface interactions in APPs is less well known. It is often assumed that the rates of surface loss or production of species are significantly lower than those of gas-phase processes due to the low rate of diffusion of particles towards surfaces at high gas densities. Most numerical models of APPs take particle reactions at surfaces into account using surface reaction probabilities γ measured in low pressure systems. Surface reactions can generally be classified into the Langmuir-Hinshelwood (LH) mechanism or the Eley-Rideal (ER) mechanism. In the LH mechanism, gas phase species first adsorb onto the surface and reactions occur between two adsorbed species. In the ER mechanism, a gas phase species reacts with an adsorbed species. In both cases, the surface reaction rates depend on the surface coverage of reactants and the fluxes of species incident onto the surface. As a result, reaction probabilities are strongly dependent on experimental conditions, such as pressure and gas mixture [27] [28] [29] , wall material [25, 26, 28, [30] [31] [32] [33] [34] , temperature [35] [36] [37] , and surface roughness [36, 37] . Ion bombardment can have a significant effect on the value of γ [27, 38] through the generation of free surface sites and desorption of adsorbates. If reactive gases are used in the system, plasma products can deposit on the chamber walls, and change γ over time [39] , leading to drifts in the properties of the plasma [40] .
Since γ depends on a number of different parameters it is important to carefully consider if values measured in one particular system can be reliably transferred to a second system with different operating conditions. Given that most measurements of surface reaction coefficients have been carried out at low pressures, their use to analyse experiments (or in simulations) at atmospheric pressure should consider the differences in operating conditions. The first step to achieve a greater understanding of the impact of surface reaction probabilities in APPs is to investigate their influence on species densities. In this work, a zero-dimensional plasma-chemical kinetics simulation (global model) is used to investigate the sensitivity of RS densities to the surface reaction probability of several important species in He-H 2 O APPs.
The plasma investigated here is a radio-frequency APP sustained in a He-H 2 O feed gas, which is relevant for biomedical applications. This relevance stems from the ability to produce a range of biologically active RS such as O, H, OH, HO 2 and H 2 O 2 [20, [41] [42] [43] [44] [45] . In addition, H 2 Ois typically present in the vicinity of APPs if they are used in ambient air conditions, or as a liquid layer if biomedical samples are treated. As a result, understanding the chemical kinetics in plasmas containing H 2 O is of significant interest. It is well known that H 2 O rapidly adsorbs onto surfaces [46] and due to its polar nature, requires high temperatures (bake-out) to remove from the system. Since most APPs are operated without bake-out, it is likely that H 2 O impurities are present even when using high purity gases. Therefore, values of γ may be subject to change depending on whether adsorbed water is present and in what quantities.
Description of model
In this work, the zero-dimensional plasma-chemical kinetics simulation code GlobalKin [19] is used. GlobalKin solves the particle balance equation for neutral and charged particles equation (1) , and the energy balance equation for electrons equation (2) where N is the number density of particle i, L D is the diffusion length, D is the diffusion coefficient and v i th, is the thermal velocity of species i. j denotes a species incident on the surface, which after a surface interaction returns to the gas phase as species i, γ the surface reaction coefficient, f the return fraction of species i after the surface reaction of species j. S i is a source term which includes production and loss of species i through gas phase interactions. n e is the number density of electrons, T e the electron temperature, P d the power input, m e and M i the electron and heavy particle masses, respectively, n mi the electron collision frequency, k l represents gas-phase reaction rate coefficients, and  D l the electron energy loss during inelastic collisions. In order to investigate the dominant reaction pathways for the formation and consumption of species, the pathway analysis tool PumpKin [47] is used.
The plasma source investigated is the COST reference micro-APP jet (mAPPJ), as described by Golda et al [48] . The μAPPJconsists of two plane-parallel stainless steel electrodes and two glass windows enclosing a (´3 0.1 0.1)cm 3 plasma channel. In this work, a power per unit volume of P d = 16.7 W cm −3 (corresponding to a power of 0.5 W in the standard COST μAPPJgeometry) and a constant gas temperature T g = 315 K are assumed. The gas flow consists of 0.5slm helium (He) with small admixtures of H 2 O, which are 10ppm and 5000ppm, respectively. These correspond to typical experimental operating conditions. The smaller admixture of 10ppm represents a typical water impurity content that may arise from the feed gas supply [49] . This may be considered as a typical un-intentional water impurity content. The higher admixture of 5000ppm is in the typical order of an intentional water vapour admixture for the production of hydrogen and oxygen containing RS in this type of plasma [42, 44] . The surface area-to-volume ratio
Previous works have used variations of the μAPPJby varying the gap distance and/or the electrode width, thereby changing the surface area-to-volume ratio and diffusion length and, potentially, the influence of surface processes [50] [51] [52] . To investigate the degree to which the plasma properties change in these systems simulations are also performed with varying electrode separation and electrode width. The reaction mechanism takes into account 43species, which are listed in table 1, and 386 bulk reactions, which can be found in reference [53] . The reaction mechanism is based on that described by Liu et al [20] , with some revised reaction rate coefficients.
For the 'base case' simulation, surface reaction coefficients γ are generally assumed to be 0 for all neutral (g n ) and negative ion species (g -), since negative ions are typically trapped in the positive plasma potential. For positive ions, g = + 1, and it is assumed that they return as their neutral counter-part with a return fraction f=1. For positive cluster ions (such as
, the particles are assumed to return as basic fragments (two O 2 molecules or H andń H 2 O). For electrons, the assumptions is g = 1 e and = f 0 ej are used, implying that all electrons reaching the reactor surface take part in neutralising reactions with positive ions (dielectric surfaces) or constitute current (metal surfaces).
In the following sections the role of surface reaction coefficients for H, O and OH are investigated with respect to the base case simulation. In the case of H and O, surface reactions are assumed to proceed via recombination to the equivalent molecules:
In the case of OH, the effect of assuming different surface reaction probabilities as well as two distinct return pathways are assessed:
The role of these surface reactions in determining the plasma properties, including the percentage contribution of surface reactions to the total loss rate for each species, will be assessed for different values of γ, water admixture and electrode separation. These percentages are of course specific to the reaction rate coefficients used for gas-phase processes in this work as well as the specific plasma conditions. However, the trends presented as a function of each investigated parameter are thought to be relatively general. The neutral species and electron densities for the base case simulations at 10 and 5000ppm H 2 O content at the exit of the plasma channel are listed in table 2. γ is varied over a large range, from 0 to 1. This wide range reflects the lack of measurements of γ in APPs meaning that the precise range in which γ lies in these sources is difficult to specify a priori. The range over which γ is likely to vary as a result of changes in plasma parameters and/or surface material in APPs will be a subset of the total range considered in this investigation. As a result, the changes in species densities shown in this work represent the maximum possible range of variation for the given operating conditions. Figures 1(a) and (b) show the evolution of normalised species densities under a variation of g H . It is assumed that H recombines at surfaces to form H 2 . H is dominantly produced by electron impact dissociation of H 2 O and decomposition of protonated water clusters through electron-ion recombination. At low H 2 Ocontent ( figure 1(a) ), when g H is increased from 0 to 1, the H density decreases to 0.12 of the base case simulation value due to the higher surfaces losses. For g = 1 H , 99% of the loss of H is via surface recombination. The normalised H density reaches a minimum above g =´-1 10 H 2 when surface losses become limited by the 
Consequences of surface reactions in APPs
Others e ability of H to reach the surface due to diffusion (diffusion limited regime). H is relatively un-reactive in He/H 2 O mixtures with trace amounts of H 2 O. The reaction rate coefficient for H+H 2 O has a high activation energy, and therefore has a negligible rate coefficient at ambient temperatures. As a result, H only reacts at significant rates with products produced in the plasma. Consequently, the majority of H produced in the gas-phase reaches the surface. Other species are directly affected by the drop in H densities with increasing γ. According to equation (5), the H 2 density is strongly coupled to the H density, and increases by a factor 32 when g H is varied from 0 to 1. O 3 , whose main consumption pathway is
increases by a factor 2.2 under the same variation due to the decrease in H density. However, it should be noted that O 3 densities are generally low in H 2 Ocontaining plasmas (see table 2 ), and O 3 is therefore a species with low relevance for the overall plasma chemistry. Under the simulated conditions, these pathways contribute 18% and 46% to the production and loss of HO 2 , respectively, when g = 0
H
. Their contributions decrease to 3% and 12%, respectively when g = 1 H , due to the lower H density. As the relative contribution of H to the destruction of HO 2 is larger than that for its production, the HO 2 density increases with increasing g H and lower H densities.
At high H 2 Ocontent ( figure 1(b) ), the main species influenced by a change of g H are H (decrease to 0.36 of the base case simulation value) O 3 (increase by a factor 5.4), and H 2 (increase by a factor 1.9). In general, the effect of the surface reaction coefficient on absolute species densities is decreased (with the exception of O 3 ), but more species are affected at 5000ppm compared to 10ppm H 2 O. Species with relative density changes of more than 10% are O 2 (factor 1. . The decreased importance of g H in determining the H density at high H 2 Ocontent is a result of the higher densities of species with which H can react in the gas phase compared to the low H 2 Ocontent case. As a result, the overall kinetics of H are less affected by surface processes at high H 2 Ocontent. For g = 1 H , 67% of the loss of H is via surface recombination, compared with 99% for the previously considered low water content of 10 ppm.
In general, the importance of H surface losses despite the high background gas pressure is a result of its large diffusion coefficient, which scales inversely with the mass of the particle, and its lack of exothermic reactions with feedstock gases. Heavier species, and those that have larger reaction rate coefficients with feedstock gases, are therefore less likely to be sensitive to wall reactions for a given plasma geometry. An example is atomic oxygen, whose sticking coefficient g O is varied in figures 1(c) [54] . Figure 2 shows species densities as a function of g OH , under the assumption of different return species channels. The two return species channels investigated are given in equations (7) and (8), which are important consumption mechanisms for OH in the gas phase and consequently have the potential to occur as surface processes as well.
Figure 2(a) shows a variation of normalised species densities where OH surface reactions are assumed to proceed viaequation (7) at low feed gas H 2 Ocontent (10 ppm). Towards increasing g OH , absolute densities of OH decrease due to higher surface consumption with surface consumption becoming diffusion limited around g =´-1 10
, 52% of the total loss of OH is via surface recombination. As a direct result of equation (7) Assuming equation (8) as the destruction pathway for OH at surfaces, species densities develop completely differently with g OH as shown in figure 2(c) for 10ppm H 2 Ocontent. In this case, surface reactions account for 49% of the total loss of OH when g = 1
OH
. This is similar to the case for the previously discussed pathway where surface reactions of OH proceed via equation (7). However, the trends for other species densities of interest are reversed compared with the case where surface reactions proceed via equation (7), with purely oxygen containing species increasing (O 3 by a factor of 3.7, O factor 2.5, O( 1 D) factor 2.4, O 2 and its metastable states on average factor 1.8), while H 2 O 2 and HO 2 are decreasing (45% and 25%, respectively).
The increase in the densities of O containing species can be explained by the enhanced production of O at surfaces at high g OH , according to equation (8) . At g = 1
, 60% of the atomic oxygen is produced via equation (8) at 10ppm H 2 Oadmixture. Atomic oxygen metastables also increase due to the previously discussed dependence on atomic oxygen. O 2 , mainly created via equation (14) , increases less than atomic oxygen due to the decrease in the rate of equation (14) as a result of the lower OH density, which offsets the increase in O. The decrease of HO 2 is directly related to the decrease of H 2 O 2 via its main production pathway
In the cases where the H 2 Ocontent is 5000ppm (figures 2(b) and (d)), surface recombination has a much smaller effect on species densities, although some slight increases are still observed, with species developing similarly to the low H 2 Oadmixture cases. However, in general, the plasma chemistry in these cases is dominated by gas-phase reactions with surface interactions playing a minor role in the overall reaction kinetics. In these cases, surface reactions account for only 4% of the total loss of OH. For the case where surface recombination proceeds via equation (7), 17% of H 2 O 2 is still produced at surfaces when g = 1
(compared to 75% in the low admixture case). For the case where surface recombination proceeds via equation (8) , 17% of O is produced at surfaces when g = 1
, compared to 60% in the low admixture case.
Influence of reactor geometry
Overall, the relative importance of surface processes in determining the overall RS composition of the plasma is related to the competition between the rates of gas and surface phase processes. This is related to the surface-to-volume ratio and the diffusion length, which are defined by the reactor geometry. Surface processes are capable of influencing the RS chemistry when the dimensions of the COST μAPPJis used in the model. Given the fact that μAPPJs can be produced using a variety of different dimensions, surface-to-volume ratios and diffusion lengths, it is also important to consider the role played by these parameters defining the RS composition of the plasma.
For this study, the assumptions g = [56] . However, it should be emphasised that these coefficients can significantly depend on plasma conditions, pressure, gas and wall temperatures, and wall materials, as discussed previously. The products of the recombination reactions are assumed as H 2 , O 2 , and H 2 O 2 , respectively, according to equations (5)- (7) .
In order to investigate the role of the plasma dimensions, a square cross section of area = Examining figure 3(a) , the densities of the three investigated species are shown to increase with increasing interelectrode distance. The density of H, which has the highest diffusion coefficient of the investigated species, is particularly affected, increasing by more than an order of magnitude over the investigated range due to the decreased importance of surface losses as the diffusion length increases and the surface-to-volume ratio decreases. Towards the largest interelectrode distances investigated, the density of H begins to approach a constant value indicating that the surface loss of H is beginning to be limited by its ability to reach the surface, b) ), the trends in the density of the investigated species are different in comparison to the low H 2 Ocontent case. The normalised density of H still increases with increasing inter-electrode distance, however, the range of variation is less than in the low H 2 Ocontent case. This is a result of the higher densities of species with which H can react in the gas phase, which means that H atoms have a higher gas-phase consumption rate than in the low H 2 Ocontent case. This decreases the importance of surface consumption processes, and consequently the importance of the inter-electrode distance in defining the overall kinetics of H loss.
In the higher H 2 Ocontent case, the normalised OH density increases slightly with increasing inter-electrode distance, however, this increase is much less pronounced than in the case of the low H 2 Ocontent. Both H and OH are mainly produced via direct electron impact dissociation, the rate for which does not change significantly with increasing electrode distance. The observed changes can therefore be attributed to their consumption mechanisms.
The increase in the density of H is a result of its decreasing surface recombination rate. For the small electrode distance, the rate of recombination of H at the surface is higher than any gas-phase consumption rate contributing 88% to the total H consumption. For the largest electrode distance, the total rate of gas-phase consumption remains similar to the smallest electrode distance case while the rate of surface recombination decreases contributing only 2% to the total consumption. Overall, the increase in the H density is a result of the decrease in its total rate of consumption due to a decrease in its surface recombination rate.
Surface recombination plays a significantly smaller role in determining the OH density. At the smallest and largest investigated electrode distances, surface recombination contributes only 13% and less than 1% to the total consumption rate of OH, respectively. Therefore, in the absence of changes in its gas-phase consumption rate a small increase in OH density would be expected with increasing electrode distance. However, the gas-phase consumption also changes slightly due to the higher density of H. In particular, the rate for the reaction which involves H, and destruction with OH according to equation (14) . Both of these species, particularly H, increase with higher inter-electrode distance. As a result, the density of O decreases slightly with increasing inter-electrode distance through increases in the rates of these consumption pathways.
Conclusion
The role of surface reaction probabilities and reactor geometry in determining the densities of reactive neutral species in a mAPPJ operated in a He-H 2 Ogas mixture were investigated using zero-dimensional plasma-chemical kinetics simulations. It was found that the choice of surface reaction probability, particularly g H , can lead to significant changes in the densities of reactive neutral species. This was found to be the case at both low and high feed gas H 2 Omole fractions. In addition, the case of OH surface recombination was used to illustrate the importance of the surface reaction products. Here, it was found that different product channels lead to distinctly different influences of OH surface recombination on gas phase species densities. This illustrates the potential complexity of these interactions and emphasises that a more sophisticated treatment of surface reactions, e.g. surface kinetics simulations, may be beneficial in simulating APP interactions with surfaces. At low water admixtures the densities of O, H and OH in the plasma were found to depend on the reactor geometry. In particular, the density of H was found to vary by an order of magnitude depending on the reactor cross-section. Other species densities, such as O and OH, were also found to be affected by the reactor geometry, either directly because they react with surfaces (at low H 2 Oadmixtures), or indirectly due to a change of reaction rates of plasma bulk reactions involving H (at high H 2 Oadmixtures). Given these sensitivities, the choice of surface material as well as reactor dimensions could be tuned to tailor RS production in APPs, in particular, low-mass RS such as H, which do not readily react with the feedstock gases. From the perspective of technological or biomedical applications, this offers the opportunity to tailor the densities of RS propagating into the plasma effluent and therefore influence the plasma source efficacy in a given application. In addition, given that the choice of surface reaction probabilities can strongly influence predictions of RS densities in plasma simulations even at atmospheric pressure, care should be taken when using simulations to scale processes over large ranges of surface-to-volume ratio and surface materials.
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